The cofactor CIITA is a master regulator of MHC class II expression and several transcription factors regulating the cell type-specific expression of CIITA have been identified. Although the MHC class II expression in plasmacytoid dendritic cells (pDCs) is also mediated by CIITA, the transcription factors involved in the CIITA expression in pDCs are largely unknown. In the present study, we analyzed the role of a hematopoietic lineage-specific transcription factor, PU
Introduction
MHC class II plays essential roles in the adaptive immune system by presenting antigen peptide toward T cell receptor on CD4 + T cells. The expression of MHC class II is mainly restricted to thymic epithelial cells and professional antigen-presenting cells, such as dendritic cells (DCs), macrophages, and B cells. In the case of other non-hematopoietic cells, including fibroblasts, epithelial cells, endothelial cells, keratinocytes, and astrocytes, MHC class II expression is induced upon IFN-γ stimulation. The restricted MHC class II expression on professional antigen-presenting cells, thymic epithelial cells, and IFN-γ-stimulated cells reflects the expression profile of a cofactor, class II transactivator (CIITA), which functions as a master regulator for MHC class II [1, 2] . Human CIITA and murine C2ta genes possesses four (pI, pII, pIII, and pIV) and three (pI, pIIII, and pIV) independent promoters, respectively [1, 3] . The transcription factor PU.1 belongs to the Ets-family, which possesses highly conserved DNA-binding domains termed Ets-domains. PU.1 is expressed in a hematopoietic lineagespecific manner and is involved in the gene expression and development of lymphoid and myeloid cells. PU.1 knockout mice exhibit incomplete hematopoietic cell development, including the abolition of macrophage and B cell production, the delay of neutrophil and T cell development, and the reduction of NK cell and DC production [4] [5] [6] [7] [8] [9] . Previous studies including ours showed that PU.1 positively regulates the expression of MHC class II via the transcription of CIITA in conventional DCs (cDCs), B cells, mast cells, and activated T cells [10] [11] [12] [13] [14] [15] [16] . Briefly, PU.1 transactivates the pI in cDCs through direct binding to cis-enhancing elements in the pI [10, 15] , whereas PU.1 transactivates the pIII in Notch1-stimulated mast cells [13] , activated human T cells [12] , and B cells via proximal region [11] and distal elements including HSS1 [14, 16] . Although it is known that plasmacytoid DCs (pDCs) express CIITA driven from pIII [17] , the regulatory mechanism of the pIII in pDCs is largely unknown. On the basis of these observations and considering the presence of PU.1 in pDCs, we hypothesized that PU.1 regulates the pIII in pDCs and is involved in the MHC class II expression in pDCs. In the present study, we demonstrate the important role of PU.1 in the transactivation of CIITA pIII in pDCs.
Materials and Methods

Cells and Mice
A human pDC-like cell line, CAL-1 [18] , was kindly provided by Dr. Takahiro Maeda (Nagasaki University Graduate School of Biomedical Science) and was maintained in RPMI1640 (Corning, NY) supplemented with 10% heat-inactivated FCS (Biosera, UK), 100 U/ml penicillin, and 100 μg/ml streptomycin. Ten ng/ml recombinant human (rh) GM-CSF (Wako, Osaka, Japan) was added to stimulate the CAL-1 cells. Murine splenic DCs were prepared from BALB/ c mice (Japan SLC, Hamamatsu, Japan) as described previously [19] and pDCs were isolated by using the MACS separation system with anti-mouse PDCA-1 MicroBeads (#130-091-965) and an autoMACS pro (Miltenyi Biotech, Tubingen, Germany). Bone marrow-derived pDCs were generated from the femoral and tibial bone marrow cells of BALB/c mice. Briefly, cells were incubated in RPMI 1640 (Sigma-Aldrich, St. Louis, MO) supplemented with 10% heatinactivated fetal calf serum, 100 U/mL of penicillin, 100 μg/mL streptomycin, 100 μM 2-mercaptoethanol, 10 μM Minimum Essential Medium nonessential amino acid solution, and 100 ng/mL of murine Flt-3L (PeproTech, London, United Kingdom) at 37°C in a humidified atmosphere in the presence of 5% CO 2 for 6 days. At day 6, PDCA-1 + cells were isolated by using a Cell Sorter SH800 (Sony Co., Tokyo, Japan PU.1, Mm01270606_m1 for mouse PU.1, Hs00219575_m1 for HLA-DRα, Mm00772352_m1 for I-Eα, Hs00172106_m1 for human CIITA, Mm00482919_m1 for mouse CIITA, Mm01342720_ m1 for mouse CIITA mRNA driven from promoter III (pIII-CIITA), human GAPDH no. 4326317E, and mouse GAPDH no. 4352339E) and TaqMan Universal Master Mix (Applied Biosystems). For the measurement of human pIII-CIITA, the following primers and probe were originally constructed using the customized service of Applied Biosystems: forward primer, 5'-GCTGGGATTCCTACACAATGC-3'; reverse primer, 5'-TCTCCAGCCAGGTCCATCTG-3'; and probe, 5'-FAM-CCCAAGGCAGCTCA-MGB-3'. The expression level of each mRNA was evaluated relative to that of GAPDH by calculation of cycle threshold (Ct) values as described previously [20] .
Luciferase reporter assay
A series of reporter plasmids carrying the CIITA-pIII promoter region just upstream of the luciferase gene in pGL4-Basic (Promega) were generated by using PCR and site-directed mutagenesis.
The nucleotide sequences of synthesized oligonucleotides that were used as primers are listed in S1 Table. CAL-1 cells (5 × 10 5 ) were transfected with 2 μg of pGL4.10-based reporter plasmid, and 2 ng of pRL-CMV (Promega) using Neon transfection system set at #4. Determination of luciferase activity was performed as described previously by using a luminomator, Micro Lumat Plus (Berthold Technologies, Bad Wildbad, Germany) or 1420 Luminescence Counter ARVO Light (Perkin Elmer) [20] . Renilla luciferase activity driven by pRL-CMV was used as an internal control to normalize the transfection efficiency.
Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed as described previously using anti-PU.1 goat IgG (D-19, no. sc-5040, Santa Cruz Biotechnology, Santa Cruz, CA) and goat IgG (no. 02-6202, Invitrogen) [20, 21] . The amount of chromosomal DNA including the CIITA-pIII promoter was determined by quantitative real-time PCR using the primers listed in S2 Table, and the ratio of immunoprecipitated DNA was calculated as described previously [20, 21] .
Electrophoretic mobility shift assay (EMSA)
Double-stranded probes were prepared by annealing synthesized oligonucleotides and their complementary oligonucleotides, which were FITC-labeled at the 5'-end. Preparation and electrophoresis of the probe/protein mixture were performed as described previously [10, 22] . Briefly, PU.1 protein was prepared with a TNT T7 Quick coupled transcription/translation system (Promega). The reaction mixtures were subjected to electrophoresis with a native 4% polyacrylamide gel at 200V for 1.5~2.0 h in 0.5× TBE buffer. Fluorescence was detected by using an image analyzer, Typhoon FLA 7000 (GE Healthcare).
Statistical analysis
Statistical analysis was performed using a two-tailed Student's t-test with p values <0.05 considered significant.
Results
Effect of PU.1 siRNA on the mRNA levels of CIITA and MHC class II in pDCs
To evaluate the effect of PU.1 suppression on MHC class II expression in pDCs, PU.1 siRNA was introduced into mouse bone marrow-derived pDCs (BMpDCs). When siRNA was introduced into cells by using our optimized method, PU.1 mRNA level in PU.1 siRNA-introduced pDCs was reduced to approximately 10% of that of control siRNA-introduced cells ( Fig  1A) . Under these experimental conditions, mRNA levels of MHC class II and CIITA were significantly decreased compared with those of control cells (Fig 1B and 1C) . In addition, we determined the amount of CIITA mRNA driven from pIII (hereafter referred to as pIII-CIITA) by using a specific primer set for the transcript from pIII and found that PU.1 knockdown suppressed pIII-CIITA mRNA level (Fig 1D) . We also used a human pDC cell line, CAL-1, for PU.1 knockdown experiment, and found that HLA-DRα (F), CIITA (G), and pIII-CIITA (H) was significantly reduced in PU.1 knockdown condition (E) as observed in mouse primary pDCs. When another PU.1 siRNA of different sequence was used to exclude the possibility of off-target effect, significant reduction of CIITA mRNA level (J) in parallel with PU.1 knockdown level (I) was observed. These results suggest that PU.1 is involved in the transcription of MHC class II and CIITA, including pIII-CIITA in both mouse pDCs and human pDC cell line.
PU.1 binds to the CIITA-pIII promoter on chromosomal DNA in pDCs
Several studies including ours reported that PU.1 is involved in MHC class II expression through the transactivation of CIITA; briefly, PU.1 transactivates the pI promoter in cDC [10, 15] , and the pIII promoter in B cells [11, 14, 16] and in mast cells [13] . In contrast, the involvement of PU.1 in pIII function in pDCs is largely unknown. Therefore, a ChIP assay was performed to examine whether PU.1 is recruited to the pIII region on the chromosomal DNA in pDCs. The amount of DNA immunoprecipitated with the anti-PU.1 Ab was significantly higher than that of control Ab in the experiment using CAL-1 cells (Fig 2A) . Similarly, when mouse pDCs prepared from spleen were analyzed, a significant amount of the pIII promoter region was immunoprecipitated with anti-PU.1 Ab (Fig 2B) . These results indicate that PU.1 binds to the pIII promoter region on chromosomal DNA, which is a common observation between human and mouse, and between the cell line and primary cells.
When the PU.1 expression level was suppressed by PU.1 siRNA, CIITA mRNA driven from the pIII promoter was markedly reduced, as shown in Fig 1. Therefore, we examined whether the level of PU.1 binding to the pIII promoter region was decreased in PU.1 siRNA-introduced cells. As shown in Fig 2C, the amount of PU.1 binding to the pIII promoter region was definitely reduced in PU.1 siRNA-introduced cells, whereas a significant amount of PU.1 binding to the pIII promoter region was detected in control siRNA-introduced cells. These results suggest that the decrease of PU.1 binding to the pIII promoter is associated with the reduced mRNA levels of CIITA and MHC class II in PU.1 siRNA-introduced cells.
Identification of the cis-enhancing elements in the human CIITA-pIII promoter
The ChIP assays were performed with primer sets targeting -230/-101 of the human pIII promoter and -200/-125 of the mouse pIII promoter (Fig 2) . Several PU.1-responsive sequences are present in this region, suggesting that PU.1 transactivates the pIII promoter through direct binding to the promoter via these cis-enhancing element(s). To evaluate the effect of PU.1 on the pIII promoter function and to identify the cis-enhancing element(s) in the pIII promoter, reporter assays were performed (Fig 3A, 3B and 3C ). Luciferase activity derived from CAL-1 transfected with a reporter plasmid carrying -148/+84 was significantly lower than that of -204/+84, and deletion of the -148/-87 region further reduced the luciferase activity to the basal level, as observed in promoter-less control plasmid (Fig 3A) , suggesting that cis-enhancing elements are located in -204/-149 and -148/-87. When PU.1 siRNA was introduced into CAL-1 cells with reporter plasmids, luciferase activity driven by the pIII promoter (-204/+84 or -148/ +84) was significantly reduced in compared with that of control siRNA co-transfection ( Fig  3B) . From this result it is confirmed that PU.1 is involved in the pIII promoter through -148/-87 region as a positive regulator. We found one and two typical Ets-motifs in -204/-149 and in -148/-87, respectively, and then generated additional reporter plasmids, in which nucleotide replacements were introduced for the lack of Ets-motif(s), to evaluate the involvement of Etsmotifs in promoter activity. As shown in Fig 3C, two mutant promoters based on the -204/+84 region lacking Ets-A or Ets-B/Ets-C exhibited significantly reduced transcriptional activity compared with that of the wild-type promoter of -204/+84. Mutation at Ets-B/Ets-C in the -148/+84 promoter downregulated the transcriptional activity to a level as low as those of the -86/+84 region and of the promoter-less control (Fig 3C) . These results demonstrate that PU.1 is involved in the pIII promoter as positive regulator and that Ets-motifs at -181/-178, -114/-111, and -108/-105 are candidate cis-enhancing elements essential for transcriptional activity of the pIII promoter.
PU.1 directly binds to the identified cis-enhancing elements on the human CIITA-pIII promoter
The above-mentioned results indicated that PU.1 binds to the pIII promoter region, in which three PU.1-responsive cis-elements are located. Therefore, an EMSA was performed to determine whether PU.1 directly binds to the pIII promoter. When the in vitro-translated PU.1 (Fig 4A, probe 1) , a specific band appeared on an electrophoretic gel, which disappeared in the presence of anti-PU.1 Ab (Fig 4B left, asterisk) , with the appearance of a new lower-mobility band (super-shift band, double asterisk), but it did not disappear in the presence of the control Ab. In the case of the -122/-98 region (Fig 4A, probe 2) , a similar specific band that appeared in the lane containing the PU.1/DNA-complex but disappeared in the lane containing the PU.1/DNA/anti-PU.1 antibody-complex (Fig 4B right, asterisk) was observed, although a super-shift band was not detected, probably due to the low density of the band. Next, EMSAs were performed with competitive oligonucleotides for further identification of the PU.1-binding sequences in the -189/- 
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165 region and in the -122/-98 region. The specific band shift corresponding to the PU.1/probe 1-complex disappeared upon the addition of wild-type competitor (WT1), whereas this specific band remained in the presence of the mutant competitor MutΔA (Fig 4C, left) , suggesting that PU.1 binds to GGAA (-181/-178). In the case of the competition assay for probe 2, the specific band disappeared upon the addition of wild-type competitor (WT2) or mutant competitor MutΔC, but did not disappear in the presence of mutant competitor MutΔB (Fig 4C, center) . The probe λB, which was previously published to form complex with PU.1, was used as positive control [23] , and the intensity of the specific band corresponding to PU.1/λB was decreased in the presence of competitor WT1 but not ΔA (Fig 4C, right) . From these results, it is concluded that PU.1 directly binds to the pIII promoter via Ets-A (GGAA, -181/-178) and Ets-B (AGAA, -114/-111). A. Nucleotide sequences of probes and competitive oligonucleotides used for EMSAs. B and C. EMSA profiles. Anti-PU.1 Ab (P) or control Ab (C) was used to identify the specific band composed of PU.1 and probe DNA (B). EMSA with an excess amount of competitors (a 1-or 10-fold molar concentration of probe 1 or 2) was performed to identify PU.1-binding sites (C). λB, which is previously published element bound with PU.1 [23] , was mixed with a 15-or 30-fold concentration of competitors. Specific bands corresponding to complexes of PU.1 and the probe are marked with an asterisk. Super-shift band corresponding to complexes of PU.1, the probe, and anti-PU.1 Ab are marked with double asterisks. n.s., non-specific bands detected in protein mixture without probe DNA. GM-CSF stimulation up-regulates the expression of CIITA and MHC class II through the increase of the expression and cis-element-binding of PU.1
It has been reported that GM-CSF stimulation up-regulates the expression of CD80 and CD86 in CAL-1 cells [18] . In addition, we previously found that the expression of CD80 and CD86 is critically regulated by PU.1 in DCs [21] . Therefore, we hypothesized that GM-CSF stimulation increases the PU.1 expression and/or function in DCs. When mouse pDCs were incubated in the presence of GM-CSF, as expected, the PU.1 mRNA level was dramatically up-regulated (Fig 5A) . In accordance with this increase, the mRNA levels of I-E, total CIITA, and pIII-CIITA were also increased (Fig 5B, 5C and 5D) . Similarly, PU.1 mRNA level in GM-CSF-stimulated CAL-1 cells was more than twofold higher than that in non-stimulated cells (Fig 5E) with significant increase of the mRNA levels for HLA-DRα, total CIITA, and pIII-driven CIITA (Fig 5F, 5G and 5H ). Under these experimental conditions, the relative PU.1-binding level toward the pIII region was significantly increased in GM-CSF-stimulated cells (Fig 5I) . Furthermore, the GM-CSF-mediated increases of mRNA levels for total CIITA, pIII-CIITA, and HLA-DRα were canceled in PU.1 siRNA-introduced CAL-1 cells, whereas control siRNAintroduced cells still exhibited the mRNA response against GM-CSF stimulation (Fig 6) . On the basis of these results, it is concluded that enhanced recruitment of PU.1 toward the pIII promoter up-regulates the transcription of CIITA and subsequently MHC class II in GM-CSFstimulated cells.
Discussion
CIITA is a master regulator for the expression of MHC class II, whose expression is largely restricted in professional antigen-presenting cells (DCs, macrophages, and B cells), thymic epithelial cells, and IFN-γ-stimulated non-hematopoietic cells. Four (pI, pII, pIII, and pIV) and three (pI, pIII, and pIV) promoters were found in the human CIITA and mouse C2ta genes, respectively. Initially, pI, pIII, and pIV were known to be mainly used in DCs, B cells, and IFN-γ-stimulated cells, respectively [3, 24, 25] . Several transcription factors have been identified for the regulation of pIII and pIV [1] : STAT1, E47, PU.1, IRF4, AML2/3, CREB, and BLIMP1 for pIII, and STAT1, USF1, IRF1, and IRF2 for pIV. In our previous research focusing on the role of a hematopoietic lineage-specific transcription factor, PU.1, in gene regulation and the development of DCs [10, 21, 26] , we found that PU.1 siRNA suppressed MHC class II on DCs [21] and revealed that PU.1 transactivates the first promoter, pI, of CIITA in cDCs, resulting in the subsequent expression of MHC class II [10] , whereas PU.1 directly transactivates the promoters of CD80 and CD86 [21] , and TNF-α [26] . In contrast to the pI in cDCs, although it is well known that pDCs mainly use the pIII for the expression of CIITA [17] , the regulatory mechanism of the pIII in pDCs has not been elucidated. Therefore, in the present study, we investigated the role of PU.1 in the function of the pIII in pDCs. First, we confirmed that the expression of MHC class II, CIITA, and pIII-CIITA was decreased in a PU.1 siRNA-introduced mouse pDCs and human pDC cell line (Fig 1) , suggesting that PU.1 is involved in the function of pIII. Following detailed promoter analyses by using ChIP assay (Fig 2) , reporter assay (Fig 3) , and EMSA (Fig 4) demonstrated that PU.1 binds to the critical cis-enhancing elements identified in the pIII. When PU.1 expression was suppressed by siRNA, the binding level of PU.1 to the pIII and the CIITA mRNA level were decreased (Figs 1 and 2 ). In addition, the binding level of PU.1 to the pIII and the CIITA mRNA level were increased with the upregulation of PU.1 in GM-CSF-stimulated mouse pDCs and CAL-1 (Fig 5) , which was canceled by PU.1 knockdown (Fig 6) , indicating the association between PU.1 binding level on the pIII and CIITA transcription level. Taking these results together, we conclude that PU.1 regulates the pIII of CIITA in pDCs through direct binding to the promoter and that the role of PU.1 in pIII function is a common observation between human and mouse, and between the pDC cell line and primary pDCs.
PU.1 possesses the potential to transactivate all of the three CIITA promoters. It also positively regulates pI function as a transcription factor and by affecting histone modification in cDCs [10] . PU.1 transactivates the pIII through direct binding to proximal region [11] in B cells, activated human T cells [12] , and Notch-stimulated mast cells [13] . PU.1 is also involved in the pIII function through binding to long-distance regulatory elements on CIITA gene [14, 16] . In addition, we found that enforced expression of PU.1 by using retrovirus vector definitely induces the expression of MHC class II in mast cells via the strong activation of the pIV [27, 28] . It would be interesting to understand the molecular mechanism of distinguished recruitment of PU.1 toward CIITA promoters in a cell type-and/or cell condition-specific manner. IRF4 and IRF8 might be candidates that determine the direction of PU.1 because PU.1 functions not only as a monomeric transcription factor but also as a complex forming dimers with IRF4 or IRF8. In the present experimental conditions, siRNAs for IRF4 and IRF8 did not suppress CIITA expression (data not shown), whereas PU.1 and IRF4 synergistically transactivated the pIII in B cells [11] . Further detailed analyses for the identification of other molecules regulating the CIITA promoters by using various MHC class II-expressing cells will be required to reveal the mechanism that determines the direction of PU.1 and the promoter usage of the CIITA gene.
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